A novel handheld probe based on a microelectromechanical systems (MEMS) scanning mirror for three-dimensional (3D) fluorescence molecular tomography (FMT) is described. The miniaturized probe consists of a MEMS mirror for delivering an excitation light beam to multiple preselected points at the tissue surface and an optical fiber array for collecting the fluorescent emission light from the tissue. Several phantom experiments based on indocyanine green, an FDA approved near-infrared (NIR) fluorescent dye, were conducted to assess the imaging ability of this device. Tumor-bearing mice with systematically injected tumor-targeted NIR fluorescent probes were scanned to further demonstrate the ability of this MEMS-based FMT for imaging small animals.
Introduction
Fluorescence molecular tomography (FMT) is an emerging modality that can threedimensionally image molecular activities at tissue depths of several centimeters [1] [2] [3] [4] . FMT is a highly sensitivity technique and can detect nanomole to picomole fluorophores [5] [6] [7] . While FMT has been primarily used for preclinical animal studies [8] , it has been recently applied for detecting breast cancer in humans [9] .
In applications such as intraoperative imaging and endoscopic examination, miniaturization of FMT is required. We recently reported a handheld FMT probe based on a fiber-optic array for both delivery of excitation light and collection of fluorescent emission [10] . While it was feasible to use this probe for intraoperative imaging of tumors, the probe was relatively bulky and the delivery of excitation light was slow due to the use of mechanical translations. Here we describe a microelectromechanical systems (MEMS) scanning-mirrorbased FMT probe that overcomes the limitations associated with our previous probe. The MEMS scanning mirror has been widely used for various imaging probes with the advantages of small size, flexibility in the scanning pattern, and high reliability [11] [12] [13] [14] . We validate this MEMS-based FMT probe using indocyanine green (ICG)-containing phantoms and demonstrate its application to tumor imaging in small animals.
Instrumentation
The schematic of our MEMS-based FMT imaging system is shown in Fig. 1(a) , where we see that the miniaturized imaging probe consists of two parts. One part houses a fixed mirror and a MEMS mirror for laser beam scanning. The other part is a ring-shaped detection optical fiber array (38 optical fibers in total) for collecting the fluorescent emission light. In this FMT system, a continuous wave (CW) 785 nm diode laser (Model DL7140-201S, Sanyo, Japan) is used as the excitation light source. The excitation light is delivered to the sample through the fixed mirror and the scanning MEMS mirror. The optical fiber array collects and sends the emission light to a 1024 × 1024 pixel PIXIS CCD camera (Princeton Instruments, Trenton, New Jersey). The emission light is bandpass filtered at 830 nm. The imaging probe [ Fig. 1(b) ] has an inner and outer diameter of 12 mm and 25 mm, respectively. 
Phantom and Mouse Experiments
Phantom experiments were performed to validate the MEMS-based FMT probe using ICGcontaining targets with different depths, sizes, and contrasts. A cubic background phantom (28 mm × 28 mm × 20 mm) consisted of 1% Intralipid, India ink, and 2% Agar powder, resulting in an absorption coefficient of 0.007 mm −1 and reduced scattering coefficient of 1.0 mm −1 . For depth resolution validation, a small cylinder of 4 mm diam. with an ICG concentration of 2 μM was placed at depths of 2, 4, and 6, respectively. For the target detectability study, a small cylinder containing 2 μM ICG with a size of 4, 2, and 1 mm diam., respectively, was embedded at a depth of 5 mm. For contrast resolution testing, a cylinder of 4 mm diam. arranged at a depth of 5 mm had a varied ICG concentration of 1, 0.5, and 0.1 μM, respectively.
For all the experiments, the exposure time of the CCD camera for each frame varied from 1 to 6 s depending on the signal-to-noise ratio.
To further demonstrate the ability of our MEMS FMT probe, tumor-bearing mice were imaged. A mouse mammary tumor model with a 4T1 tumor cell line was used. Nearinfrared 830 dye (NIR-830) was used as the fluorescent contrast agent. Amino-terminal fragment (ATF) conjugated-NIR 830-iron oxide nanoparticles (NIR-830-ATF-IONP) are able to specifically target an urokinasetype plasminogen activator (uPA) receptor overexpressed in breast cancer tissue [15] . As a control, a nontargeted bovine serum albumin-peptide NIR-IONP probe (NIR-830-BSA-IONP) was used for comparison. The tumor-bearing mice received a 100 pmol tail vein injection of NIR-830-ATF-IONP or NIR-830-BSA-IONP. Planar fluorescence imaging was performed 24 hours after the injection using Kodak FX in vivo imaging system. Three-dimensional (3D) FMT images were reconstructed using a finite-element-based reconstruction algorithm described in detail previously [16, 17] . Briefly, this 3D FMT algorithm is based on the coupled diffusion equations that describe propagation of both excitation and emission light in tissue. The nonzero photon density or type III boundary conditions are applied. The finite element method is used to discretize the diffusion equations and obtain the matrix representations capable of inverse problem solution. Fluorescence images are formed by iteratively solving the forward equations and updating the optical and fluorescent property distributions from presumably uniform initial estimates of these properties. A 3D finite element mesh with 8593 nodes and 45,360 tetrahedral elements was used for all the imagereconstructions.
Results and Discussion
A. Phantom experiments 1. Depth Resolution- Figure 3 shows the reconstructed FMT images at different depths along the YZ planes where the black square in each image indicates the exact target location. We can see that the target can be well reconstructed up to a depth of 6 mm. We note that the reconstructed target size is increasingly overestimated with increased target depth. The maximum depth resolution of this imaging probe (~6-7 mm) is limited by the largest source-detector separation given in this probe. Figure 4 shows the reconstructed FMT images for a single target having different size. As can be seen, the target is quantitatively recovered in terms of the target size for all three cases. For the 1 mm diam. target, we note that the target location is slightly shifted along the depth direction with some notable boundary artifacts. It is known that the target detectability depends on the target depth: the deeper the target, the worse the target detectability. Figure 5 shows the reconstructed FMT images of a target with ICG concentrations of 1 μM, 0.5 μM, and 0.1 μM. The target was located at a depth of 5 mm for all three cases. From the images, we can see that the target can be well reconstructed even with an ICG concentration as low as 0.1 μM. Considerably higher concentrations of ICG have been previously used in humans for lymph node mapping [18] . 
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B. Mouse Experiments
Conclusions
We have presented a miniaturized fluorescence molecular tomography probe using a MEMS scanning mirror and validated the system using phantom and mouse experiments. Unlike conventional means for delivery of excitation light using optical fibers, MEMS mirror-based light delivery is compact and can obtain as many source positions with basically any desired pattern. The results obtained have shown that targets can be sensitively detected at a depth of up to 6-7 mm. We realize that there are still some improvements needed in order to translate this technique to human applications. For example, the imaging probe needs to be made smaller and more portable for clinical applications such as image-guided surgery. In addition, the time needed for data acquisition and image reconstruction needs to be significantly reduced to perform real-time image-guided surgery. (Color online) (a) Photograph of the end view of the imaging probe with the grid paper attached and with one laser scanning position (red center) shown, (b) arrangement of the sources (inner red dots) and detectors (green dots on outer rings) for FMT and one target (blue below). (Color online) FMT images at different target depths. (Color online) FMT images for a single target having different sizes. 
